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Metal monochalcogenides (MX ) have recently been rediscovered as two-dimensional materials with electronic
properties highly dependent on the number of layers. Although some intriguing properties appear in the few-layer
regime, the carrier mobility of MX compounds increases with the number of layers, motivating the interest
in multilayered heterostructures or bulk materials. By means of angle-resolved photoemission spectroscopy
(ARPES) measurements and density functional theory calculations, we compare the electronic band structure
of bulk ε-GaSe and ε-InSe semiconductors. We focus our attention on the top valence band of the two
compounds along main symmetry directions, discussing the effect of spin-orbit coupling and contributions from
post-transition-metal (Ga or In) and Se atoms. Our results show that the top valence band at  point is dominated
by Se pz states, while the main effect of Ga or In appears more deeply in binding energy, at the Brillouin zone
corners, and in the conduction band. These findings explain also the experimental observation of a hole effective
mass rather insensitive to the post-transition metal. Finally, by means of spin-resolved ARPES and surface band
structure calculations we describe Rashba-Bychkov spin splitting of surface states in ε-InSe.
DOI: 10.1103/PhysRevMaterials.4.084603
I. INTRODUCTION
The electronic properties of layered monochalcogenides
(MX , where M stands for the post-transition metal, and X
represents the chalcogen atom), among them GaSe and InSe,
have recently been the focus of extensive research, mainly
devoted to the discovery of unique properties in the few-layers
regime [1–6]. MX compounds exhibit a direct band gap in
the bulk [GaSe of about 2.0 eV [7] and InSe of about 1.3 eV
[8] at room temperature (RT)], while they acquire an indirect
band gap for few layers. Films of different thickness exhibit
variable width of the band gap, thus they are optically active in
the IR and visible region and are tested as active components
in photodetectors [3,9,10]. Moreover, vertical van der Waals
(vdW) heterostructures obtained by combining different two-
dimensional (2D) materials have been investigated in order to
create novel functionalities [11–15], or to increase the carrier
mobility [8,16].
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The possibility to manipulate vertical vdW heterostructures
requires detailed knowledge of single components, starting
from the bulk counterpart down to a single layer. Through
angle-resolved photoemission spectroscopy (ARPES) mea-
surements and density functional theory (DFT) calculations,
the present study aims at clarifying the role of the metal
and Se chalcogenide atoms in the bulk electronic structure
of two related MX compounds, ε-GaSe and ε-InSe. The
single tetralayer of each compound consists of four covalently
bonded Se-M-M-Se atoms (M stands for Ga or In), while
different tetralayers are held together by vdW forces, making
the compounds easily exfoliable. For each MX compound
there are different polytypes (ε-MSe, β-MSe, γ -MSe, δ-MSe)
[17,18], which differ in the symmetry and structure of the
crystal lattice, and present specific physical properties [19].
The bulk ε polytype [Fig. 1(a)] is made up by superposition
of a pair of tetralayers with AB stacking. It belongs to the
P6̄/m2 noncentrosymmetric space group (D13h), regardless of
the number of layers.
It has been widely shown that both ε-GaSe and ε-InSe have
band edges located at  in the bulk structure [11,12], while
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FIG. 1. Sketch of the ε-GaSe crystal structure: (a) side view; (b) top view. Experimental band structure, shown in second derivative, along
̄-K̄ (c) and ̄-M̄ (d), taken with photon energy of 45 eV. On the right side of panel (c), the energy distribution curve extracted from raw data
at the K̄ point is reported. (e), (f) Calculated orbital-projected bulk band structure along high-symmetry directions of hexagonal Brillouin zone
with weights of Ga (e) and Se (f) orbitals, where sizes of the circles are proportional to the contribution of the corresponding orbitals.
decreasing the number of layers the valence band maximum
(VBM) slightly shifts away from , creating a bow-shaped
valence band, often called inverted “Mexican hat” [20]. The
band structure in the few-layers regime has attracted most
of the attention as the peculiar shape yields high density
of states and Van Hove singularity near the VBM, leading
to unconventional correlation effects [21]. Concerning bulk
GaSe and InSe, it has been shown that spin-orbit interaction
of MX compounds lifts band degeneracies, causing a splitting
of several hundreds of meV just below the VBM, and yield-
ing measurable differences in high-energy photoluminescence
transition energies [11,12].
Since the first days of discovery of these semiconductors
[22], the high carrier mobility and its physical mechanism
have been the subject of discussion between different authors
[23–25]. The understanding of these properties requires wide-
spectrum information on the electronic band structure. Our
ARPES and DFT study of ε-GaSe and ε-InSe sheds light
on the atomic contributions to the conduction and valence
bands. We show that the post-transition metal has a key role
in tuning the energy position of the conduction band mini-
mum (CBM) and the energy width of the band gap, leaving
unaffected the shape of the top valence band. Spin-ARPES
measurements of ε-InSe show Rashba-Bychkov spin splitting
of localized surface states. The description of our results
has involved a careful comparison with different theoretical
approaches.
II. METHODS
Single-crystalline ingots of GaSe and InSe were grown
in double-wall ampoules by means of the Bridgman method
starting from a nonstoichiometric melt, containing an In ex-
cess of about 5% [26]. The high quality of the as-grown
ingots, as well as the structural phase (ε polytype) of InSe
was proved by using x-ray diffraction (XRD), transmis-
sion electron microscopy and Raman spectroscopy, and re-
ported elsewhere [27]. The XRD characterization of ε-GaSe
is instead reported in the Supplemental Material [28–30]
(Fig. S1). Photoemission measurements were performed on
fresh surfaces obtained by cleavage at RT in UHV conditions.
The high quality of the achieved (111) surfaces was verified by
sharp features in the low-energy electron diffraction (LEED)
pattern, reported in the Supplemental Material [28] (Fig. S2).
The ARPES measurements were performed at the VUV pho-
toemission beamline of the Elettra synchrotron, with the sam-
ple kept at 18 K, using Scienta R-4000 hemispherical electron
analyzer, which allows parallel acquisition over 30◦ angular
range. The energy and angular resolution of ARPES were
set to 15 meV and 0.3◦, respectively. Spin-resolved ARPES
measurements were performed at liquid-nitrogen temperature
at the APE beamline of the Elettra synchrotron, by use of a
very low-energy electron diffraction–based spin polarimeter
[31]. Energy and angular resolution were set to 100 meV
and 1.0◦.
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All ARPES spectra have been aligned to the VBM for
an easier comparison with the theoretical band structure and
shown as second derivative of the photoemission intensity
along the energy axis.
The density functional theory calculations were performed
by using the Vienna Ab initio Simulation Package (VASP)
[32,33], with core electrons represented by projector aug-
mented wave potentials [34,35]. For bulk parameters opti-
mization the generalized gradient approximation (GGA-PBE)
[36] to the exchange-correlation potential and DFT-D3 van
der Waals correction [37] were applied. The equilibrium
lattice parameters of GaSe(InSe) a = 3.778(4.041) Å, c =
15.943(16.723) Å are in fine agreement with experimental
data, a = 3.757(±0.015) Å and c = 15.998(±0.032) Å for
GaSe, as extracted from Fig. S1, and a = 4.005(±0.022) Å
and c = 16.672(±0.045) Å for InSe [27]. However, the
bulk gaps obtained within GGA-PBE calculations are much
smaller than the experimental values. They are 0.795 eV for
GaSe and 0.315 eV for InSe. To obtain more accurate bulk
band structures, the modified Becke-Johnson (mBJ) exchange
potential [38,39], which has been shown to be the most
accurate semilocal potential for band-gap calculations was
adopted. The mBJ bulk gaps of 1.801 and 1.087 eV for GaSe
and InSe, respectively, are in satisfactory agreement with the
experiments. We also have done the calculations using the
HSE06 screened hybrid functional [40]. The HSE06 bulk
gaps are 1.635 and 1.034 eV for GaSe and InSe, respectively.
Spin-orbit interaction was included in all types of calculations.
For surface band structure calculations we use slabs of 56
atomic layers thickness (14 tetralayers) which were relaxed
within the GGA-PBE approach with DFT-D3 van der Waals
correction included. Atoms of two tetralayers on both sides
of the slab were allowed to relax whereas the atoms in the
internal layers were fixed to their equilibrium bulk positions.
III. RESULTS AND DISCUSSION
The electronic band structure of ε-GaSe and ε-InSe was
investigated using ARPES and DFT calculations. According
to the hexagonal surface symmetry [Fig. 1(b)], an insight
in the electronic structure requires the investigation of the
band dispersion along two symmetry directions. In Figs. 1(c)
and 1(d) we report the GaSe bulk band structure projection
on the surface Brillouin zone (BZ) along the ̄-K̄ and ̄-M̄
directions, taken with photon energy of 45 eV. The topmost
part of the valence band is found at the ̄ point, down-
dispersing along both high-symmetry directions. In Figs. 1(e)
and 1(f) we show the GaSe calculated bands projected on Ga
and Se orbitals, respectively. Our simulation proves that for
a bulk system the VBM is located at  (the bulk Brillouin
zone is reported in Fig. S2 of the Supplemental Material
[28]), and both systems do have a direct band, in agreement
with earlier results [1,4]. By inspection of theoretical results,
we prove that the top valence band of bulk GaSe has a
dominant pz component of both Ga and Se atoms [pink circles
in Figs. 1(e) and 1(f)], with about two times higher weight
of Se atoms. Moreover, below about 1 eV from the VBM,
mainly py and px components of Se atoms [yellow and green
circles in Fig. 1(f), respectively] are present. Similar results
are obtained for bulk InSe, as reported in Figs. 2(b) and 2(c).
FIG. 2. (a) Experimental band structure of ε-InSe, shown in
second derivative along ̄K̄M̄, taken with photon energy of 65 eV.
On the right side, the energy distribution curve extracted from raw
data at the K̄ point is reported. (b), (c) The same as in Figs. 1(e) and
1(f) but for In and Se orbitals.
Comparing the two compounds, we deduce that Se pz states
are expected to dominate at the VBM, thus a different group
III metal does not change significantly the outer occupied
states of the semiconductor. ARPES measurements of ε-GaSe
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reported in Figs. 1(c) and 1(d) and ε-InSe in Fig. 2(a) display
similar top valence bands, supporting the theoretical findings.
Moreover, the highest bands with a dominant pz component
exhibit a similar slope along the ̄-K̄ direction, and reach
the K̄ point almost flat, due to a reduced and similar length
of the c∗ reciprocal lattice parameter. Contrarily, lower lying
bands with their maximum at about −1.5 eV at the ̄ point,
which have dominant px and py components, as described
by our theoretical calculations [yellow and green circles in
Figs. 1(f) and 2(c)], exhibit a different slope along ̄-K̄ . This
slope is indeed more pronounced for ε-GaSe, which have a
slightly higher (of about 7%) a∗ reciprocal lattice parameter
with respect to ε-InSe.
The bottom of the conduction band, instead, is mainly due
to Ga (In) s states, thus more sensitive to the post-transition
metal. On the other hand, from a closer look at the color scale
of the occupied bands in Figs. 1(e) and 1(f) and 2(b) and
2(c), one can see that the pz weight of Ga/In is prevailing
near the corners of the BZ, that is, at the K (H) points. This
predicted difference is clearly seen in Figs. 1(c) and 2(a) at
the K̄ point, as highlighted by dashed yellow lines and energy
distribution curves reported on the corresponding right panels.
We point out that the two topmost surface projected bands
of ε-GaSe overlap at the K̄ point [Fig. 1(c)], while they are
clearly separated by about 0.50 eV for ε-InSe [Fig. 2(a)].
The agreement with our simulations along surface symmetry
directions, and specifically at the K̄ point, is further supported
by projected band structure calculations reported in the Sup-
plemental Material [28] (Fig. S3). Here, at the K̄ point, the
spin-orbit splitting of the topmost band is almost twice larger
in InSe (71 meV) as compared to GaSe (40 meV). However,
the magnitude of the splitting in both cases is smaller with
respect to kz dispersion of the bands, and this hampers its
detection by photoemission.
We further discuss the comparison between the two com-
pounds by focusing on the VBM. In Figs. 3(a) and 3(b) we
report the band structure of GaSe and InSe, respectively, along
the M̄-̄-M̄ high-symmetry axis. We notice that continuum
states (highlighted by white arrows) close to the VBM are
visible at the selected photon energy for both compounds.
From the peak positions of corresponding energy distribution
curves, we traced the dispersion of the top valence band
[Figs. 3(c) and 3(d)], and estimated the corresponding hole
effective mass, obtaining values close to me for both com-
pounds. Our findings for InSe are in agreement with previous
results extracted at the bulk  point with photon energy of
60 eV [12], demonstrating a weak dependence of the effective
mass on the wave vector kz perpendicular to the layers. The
comparable hole effective mass of GaSe and InSe provides
additional evidence of the dominant Se pz character of the top
valence band.
In order to detect the effect of spin-orbit interaction on the
surface electronic structure, we have acquired spin-resolved
ARPES measurements for ε-InSe (Fig. 4). The measurements
were performed at 35 eV of photon energy using linearly p-
polarized light. Spin-polarization data were discerned only in
the experimental geometry parallel to the plane of incidence.
Considering that the APE DA30 momentum dispersion plane
is perpendicular to the Elettra orbit, in this geometry the in-


































































FIG. 3. Experimental band structure of ε-GaSe (a) and ε-InSe
(b), shown in second derivative, taken along the M̄-̄-M̄ high-
symmetry axis (photon energy is 40 eV). (c), (d) Determination of the
hole effective mass through a parabolic model from the experimental
dispersion (red crosses) extracted from the top band in (a) and (b),
respectively.
high-symmetry direction (along kx) was probed. Correspond-
ing spin-resolved energy distribution curves, shown at kx =
(−0.37 ± 0.05) Å−1 and kx = (0.37 ± 0.05) Å−1 (top-left
and top-right panels of Fig. 4, respectively) exhibit a consid-
erable spin polarization. Moreover, the spin polarization re-
verses upon changing the sign of kx (b, c, and d peaks, located
at about 3.6, 3.4, and 3.2 eV from the VBM, respectively)
and it vanishes at kx = 0 (data not shown). This observed
Rashba-Bychkov-type spin polarization has been explored by
means of surface band structure calculations.
First, we compared the valence band calculated within
GGA-PBE, HSE06, and mBJ approaches with an experimen-
tal spectrum. Despite its failure to reproduce the band gap,
GGA-PBE better describes the experimental valence band
compared to the other two. The total width of the measured
VB at the ̄ point amounts to about 4.5 eV (Fig. 4, center
panel). In particular, as can be seen in Fig. 5(a), the deep band,
which is mainly composed by In s orbitals hybridized with
pz Se orbitals, is very sensitive to the exchange—correlation
functional. The GGA-PBE nicely reproduces the experimental
VB width whereas HSE06 (mBJ) noticeably overestimates
(underestimates) it. The same behavior is observed for GaSe.
For this reason we have done surface band structure calcula-
tions within the GGA-PBE approach. Figure 5(b) shows the
surface spectrum of InSe. The calculation without spin-orbit
coupling (SOC) included (see Fig. S4 of the Supplemental
Material [28]) shows that the fundamental band gap in InSe
is free of surface states; however, the valence band hosts
several localized states, which only slightly split off the edges
of the bulk bands. Such appearance of the surface states is
typical for layered van der Waals materials where there are
no dangling bonds on the cleavage surface and, therefore,
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FIG. 4. Spin-ARPES data of ε-InSe. Central panel: experimental band structure shown in second derivative along the M̄-̄-M̄ high-
symmetry axis (photon energy is 35 eV using linearly p-polarized light). Original data are reported in the Supplemental Material [28] (Fig.
S2). Left-right panels: spin-resolved curves and corresponding spin polarization showing the spin texture of selected bands indicated by green
and yellow lines in the central panel.
the surface potential bending is insignificant. When the SOC
is switched on, these surface states acquire the Rashba spin
splitting, as follows from the calculated helical spin texture in
Fig. 5(b). However, this splitting in general is negligible [red
and blue circles in Fig. 5(b) are noticeably overlapped] with
the exception of several states which are split off from the
edge of the bulk states more than others. For instance, the state
located inside the local VB gap which crosses experimental
kx green/yellow lines at about −2.7 eV and whose spin coun-
terpart merges with bulk states, can be confidently identified
with the highly spin-polarized experimental peak c even if
about 0.6 eV higher in energy. As for other experimental peaks
which demonstrate significantly weaker spin polarization or
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FIG. 5. Bulk band structure of InSe as calculated within GGA-PBE, HSE06, and mBJ approaches (a). Calculated surface electronic
structure and spin polarization of InSe (b) and GaSe (c). Red (blue) circles represent positive (negative) sign of the in-plane spin component
for the surface states. Shaded areas correspond to projection of the bulk states on the (111) plane. Green and yellow vertical lines in panel
(a) mark k‖ where the spin polarization was measured; see Fig. 4 (central panel).
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can also be found in the calculated spectrum at energies of
about 0.5–0.8 eV higher compared to experimental values.
The variable difference between calculated and experimental
energies is due to a reduced split off between surface states
and bulk bands, which would require similar accuracy in their
simulation, as well as in their detection. We notice also that the
polarization sign of c, d, and e peaks of Fig. 4 is well described
by our surface band structure calculations, while the splitting
of the b peak is barely visible within bulk states in Fig. 5. The
Rashba splitting in the surface states of GaSe [Fig. 5(c)) is
even less pronounced as compared with InSe, due to a smaller
Ga atomic SOC, and can hardly be detected experimentally.
IV. CONCLUSIONS
We compare the experimental band structure of two
promising MX compounds, ε-GaSe and ε-InSe. We show that
the VBM is dominated by Se atoms, as proved by ARPES data
of the top valence band, a comparable hole effective mass,
and confirmed by calculations of orbital-projected bulk band
structure. The predicted CBM, instead, is more influenced by
the post-transition metals. Our description supports a major
influence of the conduction band in affecting the electronic
properties of related MX compounds. We also compare the
valence band calculated within GGA-PBE, HSE06, and mBJ
approaches with experimental data, showing limitations in
describing band gap and valence band in depth. Finally, within
the GGA-PBE approach, we describe Rashba-Bychkov spin
splitting of surface states in ε-InSe and ε-GaSe. Overall, we
show that the splitting of surface states is negligible, with the
exception of selected states in ε-InSe emerging from the edge
of bulk states. This picture is confirmed by our spin-ARPES
measurements, showing the spin splitting of surface states in
ε-InSe.
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